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Body temperature homeostasis is accurately regulated by complex feedback-driven neuronal mechanisms, which involve a multitude of thermoregulatory pathways. Thus, core temperature is constantly maintained within a narrow range. As one of the most effective regulatory systems skin temperature is dependent on skin blood flow. Skin blood flow in turn is highly dependent on sympathetic activity. Regional anaesthesia leads to blockade not only of somatosensory and motor nerve fibres but also of sympathetic fibres. As a consequence, vasoconstrictor tonic activity is abrogated and a vasodilation leads to an increase in skin blood flow and temperature. The aim of this review was to summarize the general physiology of thermoregulation and skin temperature as well as the alterations during regional anaesthesia. The main focus was the usefulness of measuring skin temperature as an indicator of regional anaesthesia success. According to the available literature, assessment of skin temperature can indeed serve to predict success of regional anaesthesia. Hence, it is important to realize that relevant and reliable temperature increase is only seen in the most distal body parts, ie fingers and toes. More proximally, temperature changes are frequently small and inconsistent, which means that assessment of block levels is not possible by temperature measurement. Furthermore, relevant skin temperature increases will only be observed in patients, which are initially vasoconstricted. In conclusion, measurement of skin temperature represents a reliable and feasible diagnostic tool to assess and predict the success or failure of regional anaesthesia procedures, especially in patients in which sensory testing is impossible.
| INTRODUCTION
The aim of this narrative review is to briefly delineate the physiology of skin temperature in the context of anaesthetic nerve block and particularly the clinical benefit of measuring skin temperature in regional anaesthesia.
Literature searches were carried out on the PubMed and Google Scholar databases by means of the MeSH terms "thermoregulation", "skin temperature", "regional anaesthesia", "nerve block", "epidural anaesthesia", "spinal anaesthesia", "nerve block", "thermographic imaging", "sympathetic block" and "skin blood flow". Consecutively, a critical appraisal was performed on the articles retrieved. For the first part of the review, dealing with basic physiology of thermoregulation, state of the art review articles as well as landmark studies on the topic were included, based on the authors' assessment. Publications and their reference lists were screened for additional relevant information. Several publications were added by this "snowballing literature" method. For the part dealing with the suitability of skin
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temperature to predict block success only prospective human studies were included in which both, assessment of skin temperature as well as block success were documented. Using the QUADAS-2 tool for the quality assessment of diagnostic studies, 1 we identified and highlighted 8 of 12 studies with a potential for an increased bias in domain 2 of the tool (index test) because of non-blinded interpretation of the test results (Table 1) . Furthermore, the GRADE approach was performed for assessment, indicating a low overall scientific quality of the studies. The literature search included articles published until December 2017.
| PHYSIOLOGY OF THERMOREGULATION AND SKIN TEMPERATURE
Normal body core temperature in humans is maintained within narrow limits. A complex, feedback-dependent thermoregulatory system which is under central control by the hypothalamus serves to sustain normothermia, which is critical for survival.
2
Autonomic strategies to counteract deviation of core temperature are essentially regulated by the activity of warm-sensitive neurons in the pre-optic area. Dependent on the activity level of these neurons, cold-or heat-defence responses are initiated. 3 Colddefence mechanisms include sympathetically mediated cutaneous vasoconstriction, shivering and especially in infants non-shivering thermogenesis in brown adipose tissue. Heat-defence strategies comprise sweating and cutaneous vasodilation. 4 The skin plays a critical role in the regulation of body temperature. It represents the largest human sensory organ containing a large number of thermal receptors like transient receptor potential receptors. Regarding thermoregulation, human skin can be divided into hairy and non-hairy (glabrous) skin. Glabrous skin is localized at the distal parts of the body. Beside the absence of hair follicles, it is characterized by the abundance of arteriovenous anastomoses, an intense vascularization and a large surface-to volume ratio. 5 Cutaneous vasodilation through the arteriovenous anastomoses can increase overall blood flow in the periphery dramatically, up to 5-fold in the human finger. 6 In contrast, hairy skin is characterized by the absence of arteriovenous anastomoses and by the abundance of hair follicles. These characteristics render the hairy skin a thermal insulator, rather than a radiator. Likewise, the vasomotor tone of hairy and non-hairy skin is controlled in a different manner. 7, 8 While skin temperature in hairy skin is not prone to notable variations, glabrous skin temperature alters frequently.
5
Human skin blood flow is dependent on vasomotor tone, which in turn is controlled by sympathetic innervation. This is reflected by the great variation of total skin blood flow in a range from almost zero in the presence of hypothermic challenge up to 8 L/min. At rest, under normothermic conditions, tonic sympathetic noradrenergic innervation results in a low skin blood flow of about 250 mL/min. 9 During exposure to cold, noradrenergic vasoconstrictor nerves increase their activity and release noradrenaline and neuropeptide Y which results in a diminished skin blood flow.
In contrast with the vasoconstrictor system, the active vasodilator system is not active at rest, but only in case of increased body temperature. Cutaneous vasodilation is mediated by cholinergic nerves and involves several substances like nitric oxide, vasoactive intestinal peptide, histamine and substance P. 10 Withdrawal of sympathetic noradrenergic innervation of the skin leads to vasodilation and consequent increase in skin temperature. 15 More importantly, in glabrous skin there are numerous low-resistance arteriovenous anastomoses 16 and shunting through these anastomoses causes substantial changes in skin blood flow. 17 In contrast, non-glabrous skin, has very few -if any -arteriovenous anastomoses. 18 Hence, blockade of sympathetic nerve fibres has more pronounced effects at the distal parts of the extremities.
Accordingly, sciatic nerve block leads to a substantial increase in skin temperature in the innervated area, while femoral nerve block does not. 19 Furthermore, regional anaesthesia induces the earliest and most pronounced rises in skin temperature in the distal parts of the lower extremity, whereas temperature does not increase above the ankles (Figure 1 ). This finding demonstrates that skin warming after regional anaesthesia is predominantly determined by the abundance of subcutaneous skin vessels and the localization of arteriovenous anastomoses. 
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Skin temperature changes are similar after PNB of the upper extremity. After axillary plexus block, skin temperature increased significantly at the distal forearm. 21 Temperature measurement after interscalene brachial plexus block showed a significant increase distally, in dermatomes innervated by the median, ulnar, and radial nerve, while skin temperature at more proximal parts remained unchanged. 22 Also, after distal single median nerve block at the wrist, skin temperature measured at the tip of the index finger increased significantly. 23 An interesting finding is that after a nerve block, the distal skin temperature initially declines for a very short period of time before a substantial increase occurs. This has been observed after endoscopic thoracic chain sympathectomy, 24 as well as after median nerve block. 23 Video thermography of the lower extremity after a nerve block Furthermore, as demonstrated here, video thermography can help to identify the mechanism of initial skin cooling after regional anaesthesia.
| Core temperature
Under normothermic conditions, skin blood flow averages 5% of cardiac output. However, the absolute amount of blood in the skin can vary from nearly zero during periods of maximal vasoconstriction, as in cold stress, to as much 60% of enhanced cardiac output during maximal vasodilation in heat stress. 25 Therefore, changes in skin temperature as induced by PNB might also affect core temperature.
Yet, compared to the effects of general and neuraxial anaesthesia, there is only sparse data on the influence of PNB on changes in core temperature. Peripheral vasoconstriction is impaired only at the site of the nerve block so that it can be assumed that heat loss via this mechanism is limited.
| THERMOREGULATION DURING NEURAXIAL BLOCKS
Epidural and spinal anaesthesia induce vasodilatation by means of sympathicolysis. 26 The extent of sensory, motor and sympathetic block during neuraxial block is larger than during PNB and thus the effect on core and skin temperature is larger. Even in skin segments above the level of sensory or motor block, skin warming can be detected. 27, 28 The effect of a higher level of sympathetic block during neuraxial anaesthesia may be related to the increased sensitivity by sympathetic B-fibres to local anaesthetics. 27, 29 More importantly, sympathetic fibres leave the spinal cord between T1 and L2 but spread over all segments of the body. Thus, a sympathetic block to L2 will also increase skin temperature at the toes although they are innervated by the L4-S2 segments. Hence, lumbar and low thoracic epidural anaesthesia usually lead to vasodilation of the lower extremity.
The effect of spinal and lumbar epidural block on core and skin temperature is very similar, but faster in onset during spinal anaesthesia (Figure 1) . 20 While the vasoconstriction threshold remains unaltered, the sweating threshold increases slightly (0.5°C) and the shivering threshold is decreased by just 0.3°C. 30 These changes in thermoregulatory threshold are small in comparison with the changes induced by general anaesthesia which are usually around 2-4°C. 31 However, clinical studies comparing the effects of epidural anaesthesia and general anaesthesia on core temperature could not detect a difference in core temperature profile.
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Contradictory results have been published regarding skin temperature in the thoracic and abdominal region in patients receiving thoracic epidural anaesthesia. Either no change in skin temperature at the thorax, abdomen or thigh was found, 28, [34] [35] [36] or a decrease was observed. 37, 38 However, all changes described were usually below 1°C, which is most likely explained by the already relatively warm trunk and the little variation in skin blood flow in comparison to the extremities.
Additionally, arteriovenous anastomoses are absent in the skin of the trunk. Freise et al demonstrated a small decrease in skin temperature after initiation of thoracic epidural anaesthesia, but in comparison to a control group receiving epidural saline skin temperature was significantly higher. In conclusion, there is at least some degree of skin blood flow increase, yet so small that it is easily blunted by other factors influencing core and skin temperature. 35 In contrast with measurements at the trunk, neuraxial anaesthesia leading to vasodilation of the legs can lead to significant vasoconstriction in the upper extremities, and thus to a decrease in skin temperature of the arm. 28 Patients receiving continuous lumbar epidural anaesthesia for extended labour have an increased frequency of hyperthermia or fever. This phenomenon has been described especially after more than 5 hours of labour. [39] [40] [41] [42] An association of increased rates of post-operative hyperthermia and the use of thoracic epidural analgesia has also been described in patients undergoing colonic surgery. 43 The most likely explanation is that hyperthermia is a sign of a noninfectious inflammatory response that is facilitated by epidural analgesia. There are multiple non-infectious sources of inflammation during labour and in postoperative patients. In prospective studies, it has been shown that high-dose systemic steroids and low-dose epidural steroids can abolish the increase of hyperthermia by epidural anaesthesia in late labour, whereas paracetamol, antibiotics and systemic opioids had no effect. [44] [45] [46] [47] [48] Thus, although intrapartum maternal hyperthermia seems to be related to a non-infectious inflammation, the exact mechanism remains obscure.
| SKIN TEMPERATURE AS AN INDICATOR OF REGIONAL AN AESTHESIA SUCCESS
Each regional anaesthesia technique bears the risk of failure. Waiting for a block to be complete and management of a failed block can be time-consuming. Therefore, early assessment of success of the resulting nerve block would be valuable in the clinical setting. Since existing methods rely on subjective testing (sensation of pinprick, cold or heat), an objective measurement method is highly desirable. Several methods have been described, such as measurement of peripheral flow index 21 and perfusion index, [49] [50] [51] [52] both via pulse oximetry. Furthermore, an increase in electrical resistance of the skin has been identified as a reliable indicator of PNB, 53 albeit questioned in later studies. 54 Interestingly, the occurrence of a swelling illusion during a PNB has been shown to correspond to the impairment of small sensory fibres and may serve as an early assessment of success in awake patients. 55 Additionally, the inspiratory gasp vasoconstrictive response has been shown to be a powerful and sensitive indicator for monitoring the sympathetic blockade following interscalene brachial plexus block. 56 However, the overall ability of the existing tests to predict the effectiveness of regional anaesthesia is limited. 57 Since skin temperature can be easily and objectively measured bedside, the measurement represents an attractive tool to predict successful regional anaesthesia. Recently, a number of studies investigated whether an increase in skin temperature at the innervated area precedes and thus predicts sensory block (Table 1) .
| Nerve block of the upper extremity
Butterworth and co-workers investigated the onset of median nerve block, assessing various sensory modalities, sensory and compound motor action potentials as well as distal skin temperature. After an initial brief decrease, skin temperature significantly increased while action potentials, hot, cold, pinprick and touch sensations decreased.
Yet, increased skin temperature did not precede other signs of nerve block and was thus a reliable but late sign of a successful block. 23 The first study to explicitly investigate the usefulness of skin temperature measurement as a predictor of successful block was performed by Galvin et al. after axillary plexus blockade, they measured skin temperature at 5-minute intervals for 30 minutes and assessed pinprick and cold sensation. Thermography had higher combined scores for sensitivity, specificity, and positive and negative predictive values than both cold and pinprick sensation. The authors concluded that thermography provides both an early and reliable assessment of axillary nerve block success with an optimal time point of assessment at 15 minutes after the block. 21 In another study, skin temperature after interscalene brachial plexus blockade was measured. It was found that at the skin areas innervated by the axillary and musculocutaneous nerves, skin temperature did not increase after successful block. In contrast, distally at the skin innervated by the median, ulnar and radial nerves, skin temperature increased significantly after successful block while it did not after failed nerve block or on the contralateral side. Since a measurable rise in skin temperature preceded loss of sensory function in only 9% of cases and occurred at the same time in 35%, whereas in 56% of nerve blocks sensory impairment occurred first, the authors concluded that measurement of skin temperature is of limited clinical value to predict block success. 22 In contrast, Minville and co-workers found that skin temperature increase is a reliable and early indicator of a successful nerve block after infraclavicular brachial plexus block. 58 In their study, the axillary plexus was blocked at the infraclavicular level. Skin temperature and sensory block were evaluated every 5 minutes for 30 minutes in each of the major nerve distributions. The authors showed that if an increase of >1°C occurred at a skin area innervated by a specific nerve within 10 minutes, this reliably indicated that the specific nerve was blocked. Furthermore, if skin temperature increases were observed in all innervation areas of the 4 blocked nerves within 10 minutes, the sensory block was always successful within 30 minutes, resulting in a positive predictive value of 100%.
In an investigation by Lange and co-workers, the authors found that ulnar and median nerve blocks lead to significant temperature increases in the skin innervated by these nerves, most pronounced in the fingertips, as assessed by infrared thermographic imaging, while blockade of the musculocutaneous or radial nerve did not induce any temperature changes. 59 In another study, the effect of axillary brachial plexus block on regional hemodynamic alterations measured by pulsed-wave Doppler, as well as skin temperature, were studied. While blood flow and peripheral resistance changed within 5 minutes after the nerve block, a substantial skin temperature increase did not occur until initiation of detectable sensory block and thus not suitable to predict success of the block in this study. 60 After infraclavicular brachial plexus block, Asghar et al demonstrated that a simultaneous temperature increase, measured distally at the 2nd and 5th digits by infrared thermographic imaging, could predict block success with a positive predictive value of 100%. 61 In a similar study, the same researchers assessed skin temperature after infraclavicular plexus block and demonstrated that in successful blocks, distal skin temperature increased significantly within 5 minutes with the fastest onset in the thumb. The temperature in the whole hand increased in only 50% of the patients. The authors conclude that the suitability of skin temperature measurements to predict success of nerve blocks depends on the right choice of the measurement site. 62 Interestingly, in another study these authors found that blinded observers were able to predict lateral infraclavicular block success with a sensitivity of 92% and a predictive value of 95% based on perceived temperature differences between the corresponding distal phalanges of the 2nd and 5th digits of the blocked and the contralateral hand, rendering it a valid and reliable diagnostic test for predicting successful lateral infraclavicular block. 63 More recently, this group found that visual evaluation of thermographic patterns as well are useful for predicting successful lateral blocks in the clinical setting. 
| Nerve block of the lower extremity
In a study on 33 patients, the predictive value of increasing skin temperature was investigated in regards to success of combined femoral and sciatic nerve blocks. Temperature was measured at the plantar and dorsal parts of the foot as well as at the medial ankle and medial mid-tibial parts of the leg. Temperature increase in the area innervated by the femoral nerve was negligible. The skin temperature at the plantar area of the foot increased within 5 minutes and at the dorsum of the foot within 10 minutes. Since the temperature increase preceded sensory block in only 6.6% of all patients, was at the same time in 56.6% and followed sensory block in 36.6%, the authors considered it a reliable, but late sign of successful sciatic nerve block. 19 In a similar investigation, van Haren et al demonstrated a good correlation between sensory testing (pinprick) and measurement of skin temperature using infrared thermographic imaging. After subgluteal sciatic nerve block, skin temperature changes were most distinct at the toes and the plantar parts of the foot, while being less pronounced at the dorsal foot and even less at the lateral malleolus. More proximally, no temperature changes were detected. Since skin temperature increased before pinprick sensation was reduced the authors concluded that skin temperature measurement represents a good test for determining block success when sensory testing is impossible. nomenon. 67 The increase of skin temperature has been reconfirmed by several authors. 27, 65, 68 It is also detectable in geriatric patients and infants. [69] [70] [71] Other investigators found an initial drop in skin temperature after initiation of the block, 20, 23, 24, 72 which may be due to the sympathetic induced vasoconstriction triggered by exposure of the skin to the cold operating room environment or by increased flow of cold blood from the periphery. The initial temperature drop is more pronounced at the knee or thigh than at the feet favouring the hypothesis of initial cooling of the skin by cold blood as demonstrated by Werdehausen et al. 20 Thus, the initial temperature drop may obscure the predictive value of a skin temperature measurement, since manifestation of spinal block is rather fast.
The predictive value of the skin temperature rise was investigated by Penno et al. 72 They found that a temperature rise of 0.35°C at the feet predicts an absence of pin-prick sensation with a probability of 95% (100% for an increase of 1.0°C). However, both occur within 5 minutes even with slow onset long-acting local anaesthetics limiting the clinical value of skin temperature measurement of the feet during spinal anaesthesia. Furthermore, warming of the feet only predicts a sufficient block at segments L4-L5, but not the cephalad spread of the block. The temperature increase at more proximal segments is slower, smaller and much less reliable, or even absent, and thus cannot be used to detect the level of sensory block.
Yet, in patients unable to comply with sensory testing (eg neonates or patients unable to communicate) skin temperature measurement is an alternative test for the onset of spinal anaesthesia.
| Epidural anaesthesia
Also during epidural anaesthesia, the increase in skin temperature is faster and larger at the most distal regions of the lower extremities.
The more proximally the skin temperature is measured the smaller and more unreliable is the temperature increase. 19, 28, 35 The velocity of skin temperature rise during lumbar epidural anaesthesia is slower than during spinal anaesthesia, but faster than after PNB of the lower extremity (Figure 2) . 19, 20 However, the extent of temperature increase is equal for all 3 regional anaesthesia techniques.
In comparison to assessment of skin temperature, light plethysmography or laser Doppler seem to be more reliable and more sensitive measurements of increased skin blood flow. 36, 73 Nevertheless, such measurements are technically more demanding and there is limited experience with these techniques as diagnostic tools in the clinical setting.
The level of epidural anaesthesia can influence the pattern of skin temperature changes. Hopf et al 28 found that high thoracic epidural anaesthesia leads to a late and minor temperature increase at the feet when compared to midthoracic and lumbar epidural anaesthesia. Thus, measurement of skin temperature at the feet F I G U R E 2 Schematic illustration of skin temperature changes after different regional anaesthesia procedures. Depending on the site of nerve block the time course of skin temperature changes varies, with lumbar spinal anaesthesia leading to the most rapid skin temperature changes, followed by lumbar epidural anaesthesia and peripheral nerve blocks. Please note that this graph only illustrates the temperature changes which can be observed at the most distal parts within the innervated area (ie finger tips or toes). More proximal measurement areas register a less rapid skin temperature alteration and smaller amplitude of maximal skin temperature change. Furthermore, the amplitude of maximal skin temperature changes depends on baseline skin temperature (usually considerably lower in the lower extremity) and ambient room temperature. Data were interpolated from different previous studies [19] [20] [21] and therefore this represents a schematic diagram [Colour figure can be viewed at wileyonlinelibrary.com] during high thoracic epidural anaesthesia is of minor value when striving to predict onset of sensory block. However, even at the midthoracic level, early and extensive warming of the feet can be observed even after relatively small doses of local anaesthetics. 28, 35 Another interfering factor for skin temperature is the induction of general anaesthesia. Sato and colleagues found that general anaesthesia itself induces warming of the distal extremities. A previously induced thoracic epidural block significantly increased the skin temperature of the feet even further when compared to a control group without epidural anaesthesia. 74 
| CONCLUSION
Although the results at first glance are rather confusing there are findings that are consistent in all studies. An increase in skin temperature at the distal part of an extremity is a reliable predictor and indicator of sympathetic and sensory nerve block. Remarkably, only skin temperature changes at the most distal parts of the extremity occur reliably. Although all vessels of the extremity receive sympathetic innervation, it seems that innervation of the arterio-venous shunts at the glabrous skin areas are responsible for the fast temperature rise after a nerve blockade.
However, there is considerable variability in methods, eg the frequency of temperature measurements and sensory testing varies between the different studies. Also, the interpretation of temperature measurement differs. Whereas most groups interpret any measureable temperature rise as significant, some interpret a rise of more than 1°C as significant. Thus, not surprisingly, the studies having a continuous temperature measurement and accepting even a small (0.1°C) rise in skin temperature as significant had a high sensitivity and high predictive value. Although a skin temperature rise may precede sensory block, the time difference is rather small and will be clinically irrelevant in most cases. However, skin temperature testing is a relevant alternative in patients who are not approachable for sensory testing like children, mentally challenged patients, and patients in which a nerve block is performed during general anaesthesia. Therefore, anaesthesiologists should be aware of the potentials and limitations of skin temperature measurements during nerve blocks.
| FUTURE RESEARCH
Next to the precise mechanisms of thermoregulation and the usefulness of skin temperature to monitor the success of nerve blocks, other possible consequences of thermoregulation in regional anaesthesia have not or only very marginally been investigated:
1. There is a paucity of data regarding changes in core temperature during different regional anaesthetic blocks. Since perioperative hypothermia has been demonstrated to increase the incidence of post-operative complications, it would be of clinical interest to further investigate this issue.
2. Although other methods have been used as early predictors of successful regional anaesthesia, there is a lack of studies comparing different methods of early successful block prediction. Thus, comparing changes in skin conductance, pulse oximeter perfusion index, arterial blood flow measured by sonographic Doppler, skin blood flow measured by laser Doppler, and skin temperature measured by thermography might help to identify the earliest and best indicator for a successful block.
3. In obstetrics, epidural anaesthesia is a well-known risk factor for the development of hyperthermia. Although non-infectious inflammation is the most likely explanation, the exact mechanism remains unknown. Furthermore, this phenomenon might as well be expected in the perioperative setting. Thus, further research is required to identify whether epidural anaesthesia is also a risk factor for the development of hyperthermia after surgery.
4. The consequences of increased skin temperature at the surgical site are unknown. It is intriguing to speculate that this might represent one factor explaining the decrease in surgical site infections in patient undergoing surgery under regional anaesthesia as shown in recent big data retrospective analysis. 75, 76 Can thus conductive warming of the extremity or sympathicolysis by regional anaesthesia decrease surgical site infections?
5. The effect of pre-warming on regional anaesthesia induced peripheral skin warming has not been investigated to our knowledge. Thus, whether it only decreases the skin temperature rise or abolishes it altogether is not known.
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